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1. Introduction
Diamond-based color centers are appealing candidates as solid-
state single-photon sources for applications in emerging !elds of
quantum technologies, such as quantum computing, quantum
information, and quantum sensing.[1–5] A class of group-IV-
related quantum emitters, fabricated upon
Sn ion implantation, thermal annealing,
and surface oxidation was recently discov-
ered.[6,7] These color centers exhibit intrigu-
ing opto-physical properties, such as high
emission rate, narrow spectral width, and
emission concentrated in the zero-phonon
line (ZPL), thus sparking the interest of the
scienti!c community toward practical
applications in the !eld of quantum tech-
nologies,[4] including quantum sensing,[8]
nanophotonics,[9] and spintronics.[10,11]
The characteristic spectral feature of the
optical activity of the SnV center consists of
a strong room-temperature ZPL emission at 620 nm, which is
widely attributed to the negative charge state of the defect
(SnV-) based on the convincing support of independent theoreti-
cal works based on ab initio simulations.[6,11,12] In addition,
multiple works have independently observed additional emission
lines at 593 nm,[6,7,13,14] 631 nm,[7,14,15] 647 nm,[6–8,13–15] and
663 nm.[12,14,15]
While the 663-nm line has been convincingly interpreted as a
radiation-induced defect,[12,15] the attribution of the remaining
photoluminescence (PL) peaks is still uncertain and requires fur-
ther disambiguation. DFT simulations have highlighted the pos-
sibility to observe the SnV center in different charge states,[11,16]
however a conclusive model of the experimental !ndings accord-
ing to this interpretation has not been achieved yet. Recent
reports on this subject suggest that the aforementioned emission
lines are originating from different Sn-containing lattice com-
plexes.[6,8,9] In these works the defects are created by ion irradi-
ation, and different experimental conditions (ion implantation
energy, annealing temperature and duration, and chemical ter-
mination of the latter) are explored. In particular, it is worth not-
ing that the ion irradiation parameters result in different depth
distributions of the defects, as well as their distance from the
surface. Remarkably, high-pressure/high-temperature annealing
processing performed without speci!c additional surface treat-
ments resulted in the observation of the sole 620 nm emission
line.[6] Moreover, the excitability of the 647 nm line under
633 nm laser excitation provided a strong experimental indica-
tion that such spectral feature cannot be attributed to the negative
charge state of the SnV defect (620 nm ZPL).[15]
Finally, the electrical control of the Fermi level of an
O-terminated p-i-p diamond junction has shown that all the
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A systematic photoluminescence (PL) investigation of the spectral emission
properties of individual optical defects fabricated in diamond upon ion
implantation and annealing is reported. Three spectral lines at 620, 631, and
647 nm are identi!ed and attributed to the SnV center due to their occurrence in
the PL spectra of the very same single-photon emitting defects. It is shown that
the relative occurrence of the three spectral features can be modi!ed by oxidizing
the sample surface following thermal annealing. The relevant emission properties
of each class of individual emitters, including the excited state emission lifetime
and the emission intensity saturation parameters are reported.
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620, 631, and 647 nm could be identi!ed at the single-photon
emitter level, but those spectral features were observed only from
separate defects.[14]
In this work, we compare the room-temperature properties of
single emitters in a Sn-ion-implanted diamond sample following
different post-implantation processing treatments. Particularly, we
report the concurrent observation di of the 620, 631, and 647 nm
from the same individual emitter after a thermal annealing process
that was not followed by a chemical functionalization of the dia-
mond surface. We also discuss the variation in the relative popu-
lation of the emission lines in a discrete set of single centers upon
the subsequent O-termination of the sample surface by means of
plasma treatments. Finally, we report a characterization of the
aforementioned lines at the single-photon emitter level. These
results offer promising perspectives towards the chemical control
of the emission properties of Sn-related defects in diamond.
2. Results
2.1. Sn-Related Emitters Formed upon Thermal Annealing
We report in this section the characterization of the emitters
upon the sole thermal annealing, that is, without any further sur-
face functionalization. Figure 1a shows a typical PL map
(13! 13 !m2 area, 60 !W excitation power) acquired from the
region under investigation,[29] showing a density of !1 !m"2
bright luminescent spots, whose emission was investigated indi-
vidually. The discussion in the following text is focused on those
sole spots (#30), where HBT interferometry con!rmed a second-
order auto-correlation function g(2)(t$ 0)< 0.25 after back-
ground correction.[7] Consistently with what observed in the
reports discussed in Section 1, three main groups of spectral
lines were observed, corresponding to the emission at 620 nm
(S1), 631 nm (S2), and 647 nm (S3). Selected spectra are reported
in Figure 1b, highlighting that the S1–S3 emission lines could be
observed both separately (i–iii) as the sole spectral feature of the
considered center, as well as concurrently in the emission spectra
of the same individual single-photon emitter. Particularly,
Figure 1b-iv, v, and vi show the spectra of single-photon emitters
exhibiting both the “S1 and S2”, “S1 and S3,” “S2 and S3” spec-
tral features at the same time, respectively. Figure 2a (grey dots
refer to the as-annealed sample) shows the spectral position of
the emission lines acquired during the PL characterization,
evidencing a non-negligible (i.e., #25%) occurrence of multiple
emission lines among the S1–S3 set from the same point defect.
The reported peaks were identi!ed using a spectral analysis
routine relying on !rst derivative analysis. A threshold for noise
discrimination was set to select only those peaks having a
prominence with respect to the baseline higher than 10% the
prominence of the most intense peak.
To provide further insight into the aforementioned discus-
sion, we report in Figure 3a the PL spectrum of an individual
emitter concurrently exhibiting the S1 and S3 emission peaks.
Figure 3b shows the g(2)(t) acquired from the center under
0.27mW laser excitation. The antibunching at t$ 0 (back-
ground-corrected g(2)(0)$0.11% 0.11, considering a signal-to-
background ratio[6,7] of !$ 0.49% 0.05) indicates that the
emission originates from an individual lattice defect.[30]
Conversely in Figure 3c we report the PL spectrum of a
diffraction-limited spot where both the S2 and S3 line could
be observed. The antibunching behavior was denoted by a
value of g(2)(0)$ 0.04% 0.09 upon background subtraction
(!$ 0.55% 0.07), con!rming that also in this case the emission
originates from the very same emitter.
Based on this analysis, the concurrent observation of the pairs
of spectral features (S1 and S3; S2 and S3) individual emitters
suggests that all the three emission lines are to be referred to
the same localized lattice defect.
Figure 1. a) Typical confocal PL map acquired under 520 nm laser excitation (60 !Wpower on the sample) from the Sn-implanted region of interest of the
sample. b) PL spectra from individual emitters exhibiting emission lines at: i) 620 nm, ii) 631 nm, iii) 647 nm, iv) 620 and 631 nm; v) 620 and 647 nm, and
vi) 631 and 647 nm.
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2.2. Sn-Related Emitters Characterization upon Surface
O-Termination
We report the PL characterization of the emitters in the region of
interest of the sample following the O2 plasma treatment
described in Section 2. The O-termination of the sample required
to unmount the sample from the confocal microscope. After this
process the same region of the sample was investigated, but a
study of the very same emitters studied in the previous experi-
mental campaigns could not be performed. The interpretation of
the data therefore rely on the assumption that the occurrence of
the spectral lines is homogeneous in the whole region of interest,
provided that the same density of centers per surface unit was
observed. Additional characterizations performed after an O2
plasma treatment performed at a higher microwave power
(40W) provided results statistically comparable with those
reported here. Figure 2a shows the spectral position of the PL
lines observed over a set of #40 emitters upon O-termination
of the surface (red scatter data). The data indicate an apparent
increase in the relative population of the S1 emission line, con-
currently with a signi!cant decrease in that of the S2 peak. This
observation is further corroborated by the histogram shown in
Figure 2b showing the occurrence of the spectral lines as a func-
tion of the emission wavelength observed after thermal anneal-
ing (gray bars) and after plasma treatment (red).
The “as annealed” sample reveals a prevalence of the S3 line
(#40% of the total amount of the observed lines) with respect to
the S1 (25%). Such distribution is completely reversed in the
O-terminated con!guration, in which S1 becomes the most
observed spectral feature (#40%), the S3 emission being associ-
ated to a mere 6% of the counts. Such observation is more evi-
denced by the box chart shown in Figure 2c. Here, the median of
the “as annealed” sample ZPL distribution (gray) coincides with
the S3 emission line, while the range of spectra features compati-
ble with the S1 line de!ne the Q2–Q1 interquartile for the
“O-terminated” data (red).
These data, together with the concurrent observation of both
S1 and S3 lines from the very same individual defect, might be
suggestive of their attribution to different charge states of the
same defect. Particularly, the S1 line has been unambiguously
attributed to the negative charge state of the tin-vacancy center
SnV-.[6,11] The prevalence of this line upon O-termination of
the diamond surface is also in line with what already reported
for the nitrogen-vacancy center (NV), whose negative charge state
is stabilized upon chemical functionalization by elements with
positive electron af!nity.[31] However, a direct comparison with
the charge state population of NV centers could not be performed
due to the scarce amount of these defects in the sample under
investigation. Furthermore, previous attempts to dynamically
switch the S1 and S3 emission upon the electrical tuning of
Figure 2. a) Summary of the spectral position of the main emission lines acquired from a set of individual diffraction-limited emitting spots in the
Sn-implanted region of the sample. Both light and dark grey dots refer to the as-annealed sample; the alternate color code is chosen to highlight
the occurrence of multiple emission lines from individual emitting spots. Red and magenta dots refer to emitters observed in the sample upon oxygen
plasma treatment. b) Histograms of the occurrence of emission lines relative to the dataset shown in a). Grey and red bars refer to the as-annealed and
oxygen-terminated sample, respectively. c) Box chart of the emission lines distribution extracted from the datasets in a).
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the diamond Fermi level down to 4.6 eV below the conduction
band[14] suggest that S3 line might not be identi!ed with the
SnV0 charge state. Therefore, the attribution of the S3 line to
the interaction of the SnV center with surrounding defects result-
ing from an incomplete annealing of the crystal lattice upon ion
implantation, could not be disregarded under the parameters
adopted for the sample processing.[6]
Photon count rate blinking could not be adopted as a criterion
to discriminate among these two possible attributions. On the
one hand, indeed, blinking is often linked with both charge state
conversion and non-resonant energy transfer to surrounding
defects.[32,33] On the other hand, count rate blinking (few to tens
of seconds time scales) was indeed observed even from several
defects exhibiting one spectral line only upon suf!ciently high
excitation power (>200 !W). Conversely, several diffraction-
limited spots exhibiting multiple spectral components showed
stable count rates over tens of seconds of observation. Finally,
the spectral measurements were acquired using a scanning
monochromator, so that the simultaneous monitoring over time
of the three main emission lines was not possible due to the
given constraints of the experimental setup.
The histogram shown in Figure 2b does not reveal urther sig-
ni!cant spectral components, neither in the as-annealed sample,
nor following the subsequent surface oxidization. Both the S2
and the 660 nm lines are observed, although their occurrence
is signi!cantly smaller than that of the S1 and S3 spectral
features (S2: 7% as-annealed, 8% O-terminated; 660 nm: 12%
as annealed, 9% O-terminated).
It is also worth mentioning that 7% of the identi!ed emission
lines in the as-annealed sample does not correspond to the S1 or
S3 lines, but occur in the spectral range comprised between 620
and 635 nm. Such fraction increases to 35% if the lines in the
625–655 nm range are considered for the O-terminated sample.
This observation might not be incompatible with the hypothesis
that the SnV center is not fully formed under the adopted low-
pressure high-temperature annealing process,[5,6] or with the
interpretation of the ZPL spectral diffusion as a consequence
of the radiation-induced local strain interacting with the defects.
Figure 3. a) Emission spectrum from a diffraction-limited emission spot (black line) showing the S1 and S3 lines. The red line indicates the background
emission spectrum acquired from a low-intensity emission spot placed in closed proximity of the probed emitter. The black line does not take into account
background subtraction. b) Corresponding background-corrected second-order autocorrelation function g(2)(t). c) Emission spectrum from a diffraction-
limited emission spot (black line) showing the S2 and S3 lines, and d) corresponding background-corrected g(2)(t) function. Both g(2)(t) functions were
measured under 520 nm laser excitation (0.27mW power). The missing datapoint around"75 and &20 ns delay time correspond to the back"ash peaks
of the HBT interferometer,[40] which were removed for ease of view.
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2.3. Characterization of Emitters with S1, S2, and S3 Spectral
Features
Individual Sn-related centers evidencing a single emission line
were studied systematically to assess the respective emission
properties in the “as annealed” sample. The properties observed
at the single-photon emitter level did not reveal signi!cant differ-
ences upon O-termination of the surface, in addition to the
occurrence of each spectral line.
We report the results acquired from individual emitters exhib-
iting only one spectral feature, that is, the S1, S2, and S3 line
only, respectively.
Each of these defects was characterized by acquiring the
second-order auto-correlation function curve at different optical
excitation powers. Each of these curves underwent a !tting pro-
cedure according to a three-level system based on the following
equation[7,34]:
g'2('t( $ 1" a1 exp'"jtj"1( & a2 exp'"jtj"2( (1)
where the term proportional to a1 describes the nonclassical anti-
bunching signature of quantum emitters. The "1 parameter was
!tted against the excitation power P according to a linear model
to infer the lifetime of the excited state as #$ ["1(P$ 0)]"1.
We also studied the emission intensity I of the defect as a
function of the optical excitation power, to establish a preliminary
comparison of the relevant emission properties of the three
spectral components on the basis of those, already discussed
in the literature, of the S1 line. The emission intensity was
modelled after the expression[7,35]
I'P( $ Isat·P='P & Psat( (2)
where Isat and Psat are the saturation intensity and the saturation
excitation power, respectively.
2.3.1. S1—620 nm Emission Line
The characterization of the defect emitting at 620 nm ZPL (from
whom the PL spectrum “i” reported in Figure 1b was acquired) is
shown in Figure 4. g(2)(t) curves acquired in the 0.27–0.43mW
excitation power range (Figure 4a) are reported as an example.
The linear !tting of the "1 parameter (Figure 4b) resulted in
an estimation of the radiative emission lifetime of
#$ (6.0% 0.8) ns, a value fully compatible with what reported
in previous works and attributed to the ZPL of the SnV-
center.[6,7,36] Similarly, the center’s deshelving lifetime was esti-
mated by a linear regression of the dependence of "2 on the laser
excitation power (Figure 4c) as #2$ "2 (0)"1$ (68% 9) ns. The
analysis upon background subtraction of the emission intensity
saturation curve (Figure 4d) resulted in an excitation saturation
power Psat$ (0.32% 0.07) mW. This value is compatible
with what reported in ref. [7], considering that the
(1.11% 0.01) mW value reported there quanti!ed the laser power
Figure 4. Characterization of the single-photon emission properties of an individual Sn-related defect emitting at the S1 line (620 nm), corresponding to
the PL spectrum iii in Figure 1b. a) Second-order auto-correlation functions (g(2)(t) curves shown without background-correction) acquired under 0.27,
0.35, and 0.43mW laser excitation power. b) Linear !t of the decay constant "1 extracted from the function !t of the g(2)(t) curves as a function of the
excitation power. Red lines represent the !tting curves. c) Linear !t of the deshelving state lifetime parameter as a function of the laser excitation power.
d) Background-subtracted emission rate as a function of the laser excitation power. The red dashed line represents the !tting curve.
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incident on the microscope objective. A decrease of #60% in the
power transmitted to the sample was observed in the confocal
microscope adopted in this work. The saturation emission inten-
sity Isat$ (186% 15) kcps was an order of magnitude lower than
what reported in the previous characterization of this emission
line.[7] This discrepancy is ascribed to the !ber-coupling of the
source in the confocal microscope adopted for the present study,
to be compared with the adoption of a higher-ef!ciency
air-coupling of single-photon detectors in the referenced work.
While a direct comparison between the two experiments cannot
be performed without a metrological calibration of the two exper-
imental apparatuses, the value obtained in this work could be
used as a reference to assess the relative intensity of the S2
and S3 emission lines with respect to the bright[6,7] emission
of the 620 nm peak.
2.3.2. S2—631 nm Emission Line
A defect emitting at 631 nm (PL spectrum “ii” in Figure 1b)
was characterized against the same emission properties
(Figure 5). The acquisition of g(2)(t) curves in the
0.27–0.59mW excitation power range (Figure 5a) enabled a pre-
liminary estimation of the center lifetime as #1$ "1 (0)"1$ (4.8
% 1.7) ns (Figure 5b). Despite the value being compatible with
that of the S1 line, the saturation emission intensity
(Figure 5c) displayed a signi!cantly higher value of
Isat$ (300% 40) kcps achieved at a compatible excitation satura-
tion power Psat$ (0.42% 0.08) mW.
2.3.3. S3—647 nm Emission Line
The g(2)(t) curves relative to the 647 nm emission of a defect
associated with the PL spectrum “iii” in Figure 1b are shown
in Figure 6a for the 0.27–0.59mW excitation power range.
The measurements enabled to quantify the center’s excited state
lifetime as #1$ (7.4% 1.0) ns (Figure 6b).
It is also worth noting that the "2 parameter (Figure 6c)
exhibits a decreasing trend at increasing excitation power, a
behavior which is not usually observed in diamond quantum
emitters.[37,38] The deshelving lifetime was estimated from the
intercept parameter of the linear regression in Figure 6b as
#2$ "1 (0)"1$ (68% 9) ns.
The unusual behavior observed for the emitter can be tenta-
tively attributed to the power-dependent depletion of the shelving
state in favor of a fourth, excited state.[37] This interpretation
would be in line with the attribution of the S3 emission to
the interaction of the SnV center with a surrounding radia-
tion-induced defect. However, an unambiguous attribution of
this phenomenon, such as the identi!cation of the additional
fourth level with the conduction band (thus indicating a
charge-state conversion process) or its attribution to resonant
energy transfer with surrounding lattice defects will require
systematic dedicated studies.
The saturation emission intensity (Figure 5d) displayed a value
of Isat$ (450% 70) kcps, suggesting that the center is twice as
bright as the SnV- ZPL. Conversely, the optical power required
to achieve the saturation (Psat$ (1.0% 0.3)mW) is twice as higher.
Figure 5. Characterization of the single-photon emission properties of an individual Sn-related defect emitting at the S2 line (631 nm, corresponding to
the PL spectrum ii in Figure 1b. a) Second-order auto-correlation functions (g(2)(t) curves shown without background-correction) acquired under 0.27,
0.43, and 0.59mW laser excitation power. b) Linear !t of the decay constant "1 extracted from the function !t of the g(2)(t) curves as a function of the
excitation power. c) Background-subtracted emission rate as a function of the laser excitation power. The red dashed line represents the !tting curve.
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A summary of the relevant characterization parameters is
reported in Table 1 for ease of comparison.
3. Conclusions
In this work, we reported the observation of multiple spectral
emission lines at 620 nm (S1), 631 nm (S2), and 647 nm (S3)
from individual defects formed upon Sn ion implantation in dia-
mond and subsequent annealing, all of which were consistently
observed in multiple previous reports.[6–8,12,14] The data pre-
sented here show for the !rst time the concurrent observation
of all these three spectral contributions from the very same, sin-
gle-photon emitting defect, suggesting among the possible
explanations their attribution to the same defect complex, that
is, the SnV center.
We also investigated the occurrence of the S1–S3 lines as a
function of the sample processing. The as-annealed substrate
exhibited a prevalence of the S3 spectral feature among the spec-
tral emission of #40 individual centers. Conversely, the S3 pop-
ulation density decreased in favor of the S1 emission line upon
O-termination of the sample surface. This observation, in com-
bination with the observation of both lines from the very same
defect and of different emission lifetimes and intensity excitation
saturation parameters, might suggestive of the attribution of the
647 nm PL peak to a different charge state of the defect, possibly
neutral charge state of the SnV complex (SnV0), which has not
been observed so far in other promising group-IV-related centers
such as the GeV and the PbV.[4] This interpretation seems how-
ever to be ruled out by the !ndings recently reported in ref. [14],
where the dynamical tuning of the diamond Fermi level by
means of a p-i-p junction enabled to modulate the occurrence
of the S1 emission line, but not that of the S3 spectral feature.
Conversely, the observation of a decreasing deshelving life-
time parameter #2 as a function of the laser excitation power sug-
gests that the S3 emission might be related to a four-level system,
a hypothesis that would not be in contrast with an energy transfer
process involving the SnV center and surrounding radiation-
induced defects generated upon ion implantation. This attribu-
tion will require a con!rmation on centers fabricated upon
Figure 6. Characterization of the single-photon emission properties of an individual Sn-related defect emitting at the S3 line (647 nm), corresponding to
the PL spectrum iii in Figure 1b. a) Second-order auto-correlation functions (g(2)(t) curves shown without background-correction) acquired under 0.27,
0.43, and 0.59mW laser excitation power. b) Linear !t of the decay constant "1 extracted from the function !t of the g(2)(t) curves as a function of the
excitation power. c) Linear !t of the deshelving state lifetime parameter as a function of the laser excitation power. d) Background-subtracted emission
rate as a function of the laser excitation power. The red dashed line represents the !tting curve.















620 186% 15 0.32% 0.07 6.0% 0.8 220% 60
631 300% 40 0.42% 0.08 4.8% 1.7 NA
647 450% 70 1.0% 0.3 7.4% 1.0 68% 9
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chemical vapor deposition synthesis or ion implantation followed
by HPHT annealing, to rule out the role of local strains in the
emergence of the 647 nm line. Conversely, its investigation as
a function of the laser excitation wavelength will provide addi-
tional insight on charge state conversion mechanisms involved
in the aforementioned emission. If con!rmed, in analogy with
what reported for the SiV0 center,[39] a neutrally charged SnV
complex might display strong insensitivity to environmental
noise and therefore offer further increased spin coherence times
and higher brightness, thus proving to be a natural candidate for
the implementation of long-lived quantum memories.
4. Experimental Section
The measurements were performed on a high-purity single-crystal IIa
diamond substrate with<100> orientation, denoted as “electronic grade”
due to the <5 ppb concentration of both substitutional B and N impuri-
ties. A 200! 200 !m2 region was implanted using a collimated 60 keV Sn-
ions at 2! 1010 cm"2 "uence. The implantation was performed through a
collimating steel mask placed at a #5mm distance from the sample sur-
face. This con!guration allowed the implantation of stray ions at a lower
"uence at the outer edge of the implanted region. This outer region was
selected to observe and investigate Sn-related emitters at the individual
level. The ions penetration range—estimated as 23 nm according to
SRIM (stopping range of ions in matter) simulations[17]—was suf!ciently
close to the sample surface to consider the chemical terminations to be
effective at tuning possible charge states of the lattice defects.[18]
The sample was subsequently annealed for 2 h in vacuum at 1200 )C to
promote the formation of optically active defects. After the annealing
process, residual surface conductivity was removed by an oxygen plasma
treatment.
The PL characterization of individual defects was then performed under
two different functionalization conditions of the sample surface: “as
annealed,” that is, without any functionalization following a subsequent
thermal annealing process (2 h, 950 )C), and after a plasma treatment
in O2 (experimental parameters: 60 Pa pressure, 0.5 sccm O2 "ux,
30min duration, 23W microwave power).
As mentioned earlier, the sample surface has a (100) orientation. It is
broadly recognized that its chemical termination has a major effect on the
local surface charge density of diamond, which in turn results in substan-
tial variations on the charge state of color centers, as extensively investi-
gated for the nitrogen-vacancy complex.[19] As widely ascertained in
previous works, the as-CVD-grown (i.e., as-implanted) surface of the dia-
mond sample is characterized by a hydrogen termination and is charac-
terized by a negative electron af!nity of 1.7 eV.[20] Thermal annealing in
vacuum at temperatures exceeding 1000 )C results in the desorption of
hydrogen from the sample surface[21] and in the rearrangement of carbon
atoms at the surface involving the formation sp2 bonds.[22] After this
annealing process, once the sample surface is exposed to the environmen-
tal atmosphere, water contamination typically results in electron af!nity
values which are still negative.[23] Conversely, the exposure to oxygen
plasma results in the oxygen termination of the surface, which is then
characterized by a positive electron af!nity of 2.4 eV.[24–26]
The PL emission of individual SnV centers was characterized by
means of a !ber-coupled single-photon sensitive room-temperature
confocal microscope already presented in previous works.[27] The confocal
microscope was operated using a 520 nm CW laser excitation. A 600 nm
long-pass !lter enabled the minimization of the background associated
with the Raman scattering (567 nm); at the same time, it prevented the
investigation of the 593 nm emission line reported in previous
works.[6,7,13,14] The spectral features of the emitters were analyzed using
a single-grating monochromator (1200 groovesmm"1, 600 nm blaze, and
#4 nm spectral resolution) !ber-coupled to a single-photon avalanche
detector.[28]
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